A B S T R A C T
INTRODUCTION
Wear is a phenomenon that we encounter frequently on components in service, in which the magnitude depends on the tribological conditions such as material properties, equipment, magnitude of the abrasion and the environment [1] . According to Meng [2] wear and friction coefficient are not inherent properties of a material rather their dependence is on the variation of the grain structure and the mechanical properties presented across the interface of the material. Wear properties can be improved upon by alloying and heat treatment of ductile iron to obtain targeted matrix structure(s) that can serve as high wear resistance material [3] . Heat treatment of ductile irons to improve wear resistance is majorly done by austempering the iron at different temperatures [4] . This austempering process involves different stages which must be carefully carried out to achieve the desired result. Also the costs involved are quite enormous, compared to alloying with little quantity of alloying materials. Other methods of improving wear resistance of ductile irons are now in practice, and some result in non-homogeneous properties in the ductile irons. For instance, Qi et al [5] achieved high surface hardness and improved wear resistance by RESEARCH depositing WC-12 % Co on ductile iron by electric contact surface strengthening. Improved results were obtained in all the coated samples than the ductile iron substrate that was not coated. However, the nodules at the coated surfaces seemed distorted -an occurrence which could impair the properties of ductility, strength and other properties conferred on the iron as a result of the presence of 'good' nodules. Ceccarelli et al. [6] , partially chilled ductile iron in other to achieve high abrasion and impact properties, by using chills at selected location in the mould to increase the rate of solidification at that region so as to obtain carbide at the location. Low wear rate in samples with carbide and pearlitic matrix was achieved but very low impact toughness because of the high carbide content. In other words, it would have been better to work towards producing pearlitic matrix phase without carbide which causes brittleness, and still maintain appreciable impact toughness in the material. Abedi et al. [7] , investigated the sliding wear behaviour of a ferritic -pearlitic ductile cast iron with different nodule count; it was discovered that abrasive wear resistance of the ductile iron decreases with increase in nodule count. This was as a result of low mechanical resistance of graphite, which implies that only possession of nodules cannot guarantee adequate wear resistance. Little studies have been reported on the behaviour of low alloyed ductile irons to abrasive and wear resistance most especially when the low alloyed ductile iron is tailored to increasing the pearlitic matrix of the ductile iron. Utilizing low alloyed ductile iron with molybdenum, nickel, chromium and copper will help in reduction in material cost. It will also give rise to carbide free components that potentially can reduce significantly the embrittlement and low impact resistance of ductile irons. There will also be possession of uniform properties across the ductile irons. The confirmation of these assertions necessitated the evaluation of the wear and fracture toughness of pearlite enriched ductile irons in this study.
MATERIALS AND METHODS

Materials
Materials used for the production of the pearlitic-ferritic ductile irons are; gray cast iron scrap, graphitizer, calcium carbonate as flux for slag removal and calcium carbide for desulphurizing the melt. Materials used for alloying are ferromanganese (containing 80 % Mn), ferrochrome (containing 64 % Cr), ferromolybdenum (with 72 % Mo), copper in the form of wire and ferrosilicon magnesium containing 5 % Mg and 42 % Si for inoculation and nodularization.
Production of the Irons
Melting was carried out in an oil fired lift out crucible furnace. Standard procedures were followed in accordance with Ziolkowski and Wrona [8] , Khanna, [9] , to prepare the charge materials melted in the furnace. This was done to enhance the quality of the melt obtained by following equation 1 to prepare the charges. Charges were then heated in a removable graphite crucible inserted in the furnace to temperature above 1300 0 C, before adding calcium carbide for desulphurization of the melt in accordance with Oyetunji and Omole, [10] . The aim of desulphurizing the melts with calcium carbide is to avoid the consumption of the Mg meant for nodulization from being used up to desulphurize the melt. The melts produced were superheated to temperature of 1420 o C, tapped and treated with FeSi42Mg5 in a ladle built to conform to sandwich process of adding Mg into melt, [11] . This sandwich process helps to achieve high magnesium recovery and prevent 'fading' of the ferroalloy. The melts were cast in green sand mould to obtain cylindrical rod ø20 mm X 200 mm length. The chemical composition of the ductile irons produced was determined using Tasman absorption spectrometer with argon gas accessory for sparking the specimens' surfaces. Composition result of the ductile irons is shown in Table 1 . 
Microstructures Characterization
Zeiss optical microscope with Axiocam5 camera attachment was used for structural characterization of the castings produced. Specimens were prepared through the process of grinding and polishing using different grits and pastes. Mirror polished specimens were etched in 4 % nital , swabbing in water for 10 to 15 seconds after which the microstructures were examined with the Zeiss microscope. The phases present in the microstructures were quantitatively analyzed using ImageJ software application.
Hardness Test
Hardness of the ductile irons produced was performed on each specimen by grinding the surface and using INNOVATEST FALCON 500 micro hardness testing machine in accordance with ASTM E29 -16 standard. [12] . Test load of 0.1 Kg was applied on each specimen with dwell time of 10 seconds. Five different locations were selected for measurement and average of the five readings was used as the hardness result.
Fracture Toughness
Circumferential notch tensile specimens (CNT) were used to determine the fracture toughness of the materials in accordance with Alaneme, [13] . The specimens for the test were machined to gauge length of 40 mm, gauge diameter (D) of 6 mm, notch diameter (d) of 4.2 mm and notch angle of 60 0 . An Instron universal testing machine, operated at a quasi-static strain rate of 10 -3 mm/s was used to subject the specimens to tensile loading to fracture at room temperature. The load to fracture (Pf) of each specimen was obtained from the CNT specimens loadextension plot. The tensile load -extension plots obtained are presented in Fig. 1 . This was used to evaluate the fracture toughness using the relation in (2) according to Dieter, [14] :
Where D and d are the gauge diameter and notched section diameter respectively. Using the relations in (3) in accordance with Nath and Das, [15] , validity of the fracture toughness values obtained was determined. 
Wear Test
Wear test was carried out on Anton Paar Tribometer (TRB) machine, based on pin-ondisk with stainless steel indenting ball of radius 5 mm. This was done in accordance with ASTM G99-05 -16 standard [16] .
Contact load of 10 N was applied on all the specimens at a speed of 150 revolutions per minute (rpm) and linear speed of 7.85 cm/s for 30 minutes. For the total time of 30 minutes utilized for the test, sliding distance of 141 m was covered. Volumetric wear rate was estimated in accordance with Agbeleye et al. [17] by measuring the weight loss in each sample after each test. The weight loss for each sample material was calculated from the difference in weight before and after the experiment, and was used to calculate the wear volume and specific wear rate as follows:
The specific weight value used for the computation is 7.87 g/cm 3 .
The worn samples were taken for measurement and analyzed using scanning electron microscope.
RESULTS AND DISCUSSION
Microstructures
The microstructures of the ductile irons produced are presented in Figure 2 . The microstructures show the presence of nodules in all the samples. This is an indication that the production process adopted yielded ductile irons. The quantitative analysis of the microstructures is presented in Table 2 . The Table shows that the microstructures of each composition contain considerable nodules count, indicative of good nodules formation. The volume of pearlite content increased in the micro alloyed samples in the range of 62.25 % minimum to 93.86 % maximum as compared to the unalloyed sample (D5). This increase was due to the interaction of the alloying elements (Mo, Ni, Cr and Cu) which help in forming tiny pearlite distributed within the structures. The increase in pearlite content, relatively lower ferrite, and the morphology of the nodules in the microstructures of the produced micro alloyed ductile irons; account for the increase in mechanical properties of the ductile irons. 
Hardness Result
Variation of hardness of the ductile irons produced is shown in Fig. 3 . It is observed that samples D1 to D4 have hardness values higher than the ductile iron without any alloying addition (D5). The range of increase in hardness values compared to unalloyed sample varies from 1.41 % to 36.47 % using the % ratio. Specifically, the composition D4 (containing Mo, Ni, and Cr) had the highest hardness value, followed by D3 (which contains Cr and Cu), D1 (Mo, Ni and Cu), D2 (Mo and Ni) and then D5 (control composition) in decreasing order. This increase is attributable to the increase in pearlite in the microstructure of the alloyed samples which is in the range 62.25 % to 93.86 % (compared with the pearlite content of the control ductile iron composition D5). The pearlite phase increases the hardness and mechanical properties of the ductile irons since it contains a relatively hard phase, which contributes to matrix strengthening [18] . 
Fracture Behaviour
Fracture toughness values of the ductile irons produced are presented in Fig. 4 . Samples D3 and D4 have the highest fracture toughness with 5.5 % and 25.2 % increase respectively compared to the unalloyed sample (sample D5). This is an indication that Cu and Cr in sample D3 as well as Mo, Ni and Cr addition in sample D4 have increased the toughness of the ductile iron than that of sample D5 that did not contain any addition. The two compositions also contained the highest proportion of pearlite (56.06 % and 56.59 %); and also possessed higher capability to resist crack propagation than the other compositions produced. The improved fracture toughness with increased pearlite content was not consistent as the compositions designated D1 and D2, showed lower values than sample D5 (composition without micro alloying addition) despite containing relatively higher pearlite contents. The fracture morphology of the material is shown in Fig. 5 . The revealed structures of the fracture surfaces showed fibrous fracture with some traces of cleavage in samples D1, D2 and D5. Sample D4 that contains fibrous structure is with nodules seen on its fracture surface. This is an indication of mixed mode fracture and may be due to pearlitic-ferritic type of matrix possessed by the ductile irons. Pearlite as a hard phase can induce the cleavage structure, while the ferrites and the presence of nodules will give ductility to the iron, hence fibrous structure [19, 20] .
Wear Rate
Variation of specific wear rates of the ductile irons is presented in Fig. 6 . Alloyed samples exhibit lower wear rate in comparison to the unalloyed sample. The percentage of increase in wear rate of unalloyed sample to the alloyed samples D1, D2, D3 and D4 are 46.7 %, 33.7 %, 89.5 % and 121.9 % respectively. Sample D4, therefore presented the most superior wear resistance of all the samples. Generally, the wear rates obtained reduce with increase in hardness of the ductile iron, which is in accordance with Zhang et al. [21] and Murthy et al. [22] . Increase in hardness values of the alloyed samples than the unalloyed one was achieved as a result of the increase in pearlite contents and reduction in the ferrite contents present in the micro alloyed samples in comparison to the unalloyed sample D5. This increase in hardness contributed to the lower specific wear rate. The worn surface of the samples shows plastic shear deformation; which is due to the frictional force at the surface of the specimens against the pin when test was conducted. This is also in accordance with Zhang et al. [23] . Therefore the wear mechanism is considered as delamination.
There is an increase in the coefficient of friction of the alloyed samples in comparison with the unalloyed sample D5. The increase, relative to that of sample D5, ranged between 3.64 to 60.11 %, with sample D4 having the highest value. It is also observed that coefficient of friction of the ductile irons increases correspondingly with the increase in their hardness. The wear tracks micrographs of the ductile irons are presented in Fig. 7 . Also the coefficient of friction of the various samples is shown in Fig. 8 . The wear tracks are seen to contain primarily adhesive wear debris, with the exceptions of samples D2 and D4, which contained mixtures of adhesive and abrasive wear patterns. The wear surface morphology hence suggests that adhesive wear as the dominant wear mechanism in most of the ductile irons produced. Bedolla-Jacuinde et al. [24] reported that wear particles from ferrous materials consist of iron oxides that are mixtures of FeO and Fe2O3. The iron oxide particles are harder than pearlite, therefore the adhered particles will provide relatively hard coating on the surface and reduce the wear rate of the ductile irons. Table 3 summarizes the dependence of the evaluated properties on the microstructure (pearlite and nodule proportion) of the ductile irons. It is observed that samples D3 and D4 which have the highest pearlite contents, also have the highest hardness values, fracture toughness and lowest wear rates. Other ductile iron compositions containing alloying additions (D1 and D2) which also have higher pearlite content than the control sample (D5), possess higher hardness and lower wear rate than the control sample. However, the fracture toughness values of D1 and D2 were lower than that of the control sample. This suggests that the hardness and wear rates of the ductile irons showed more dependence on pearlite content compared to the fracture toughness. 
CONCLUSION
The fracture characteristics and wear behaviour of ductile irons micro-alloyed with combinations of Cr, Cu, Mo, and Ni to achieve a pearlite enriched matrix was investigated in this study.
The results obtained show that:
1. There is combination of fibrous and cleavage structure seen on the fracture surfaces, which shows that there is ductile as well as brittle transition failure in the material, but the ductile transition, is more dominant. That occurrence may be due to the matrix (pearlitic-ferritic) possessed by the ductile irons.
2. The specific wear rate of the samples decreases with increase in hardness of the material. Values of coefficient of friction obtained also increases as hardness increases.
3. Both adhesive and abrasive wear was noticed to have taken place. Majorly the adhesive wear was more, which is perceived to help in the reduction of the specific wear rate of the material.
4. Samples D4 and D3 with highest fracture toughness have lowest specific wear rate, while sample D5 with relatively higher fracture toughness compared to samples D1 and D2 have higher specific wear rate than samples D1 and D2.
